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Abstract
A short review of the two recently analyzed collective effects in dense non-Abelian matter, the
photon and dilepton production in nonequilibrium glasma and polarization properties of turbulent
Abelian and non-Abelian plasmas, is given.
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1 Introduction
Working out a quantitative description of the properties of dense strongly interacting matter produced
in ultrarelativistic heavy ion collisions presents one of the most fascinating problems in high energy
physics. The main goal of the present review is to expand an analysis of various properties of dense
non-Abelian matter presented in [1] by discussing several new topics enriching our understanding of the
early stages of ultrarelativistic heavy ion collisions.
The conceptually simplest way of organizing experimental information obtained at RHIC [2] and
LHC [3] into a more or less coherent framework is to describe the late stages of these collisions in terms
of standard relativistic hydrodynamical expansion of primordial quark-gluon matter that, after a short
transient period, reaches sufficient level of local isotropization and equilibration allowing the usage of
hydrodynamics in its standard form. In particular, the presence of strong elliptic flow suggest the picture
of strongly coupled and, therefore, low viscosity matter. A detailed discussion of the corresponding issues
can be found in, e.g., reviews [4] and [5] devoted to RHIC and LHC results respectively.
The actual physical picture is, most likely, much more complicated. In the absence of realistic
mechanisms leading to extremely fast isotropization needed for describing the experimental data within
the framework of standard hydro [6], the recent discussion [7, 8] focused on building a generalization of
hydrodynamical approach on systems with anisotropic pressure that naturally arise in the glasma-based
description of the physics of the early stages of heavy ion collisions [9, 10, 1]. Of particular interest are
results of [8] showing, within the AdS-CFT duality paradigm¡ that hydrodynamic description can be
valid for unexpectedly large pressure gradients. The new paradigm of anisotropic hydrodynamics is, in
our opinion, one of the most promising new approaches to the physics of high energy nuclear collisions.
At the most fundamental level a description of early stages of high energy nuclear collisions in the
weak coupling regime is based on the idea that large gluon density and, correspondingly, large occupation
numbers of low energy gluon modes make it natural to use tree-level Yang-Mills equations with sources
in the strong field regime as a major building block for the theoretical description of ultrarelativistic
nuclear collisions. At the early stage a strongly nonisotropic tree-level gluon field configuration arising
immediately after collision, the glasma [9, 10], is formed. A very recent development [11] suggests that
temporal evolution of glasma involves formation of a transient coherent object, the gluon condensate.
This can have interesting experimental consequences, in particular for photon and dilepton production
[12].
The glasma is, however, is unstable with respect to boost-noninvariant quantum fluctuations [13]. At
later stages of its evolution these instabilities were shown to drive a system towards a state characterized
by the turbulent Kolmogorov momentum spectrum of its modes [14]. The same Kolmogorov spectrum
was earlier discovered in a simplified scalar model of multiparticle production in heavy ion collisions
[15, 16]. A possible relation between these instabilities and low effective viscosity in expanding geometry
was recently discussed in [17].
The origin of the initial glasma instabilities and the physical picture underlying the turbulent-like
glasma at later stages of its evolution, however, do still remain unclear. The usual references are here
to the Weibel-type instabilities of soft field modes present both in QED and QCD plasma and having
their origin in the momentum anisotropy of hard sources [18, 19, 20, 21, 22, 23, 24] and the resulting
turbulent Kolmogorov cascade [25, 26], see also the review [27] and the recent related development in
[28, 29, 30, 31].
Of major importance to the physics of turbulent quantum field theory that provide another important
benchmark for the physics of heavy ion collisions are also the fixed-box studies in the framework of
classical statistical lattice gauge theory [32, 33, 34] and a study of the turbulent cascade in the isotropic
QCD matter in [35]. Let us also note that there is no doubt that the genuinely stochastic nature of
the classical Yang-Mills equation [36] should by itself play an important role in the physics of turbulent
non-Abelian matter. The precise relation is however still to be studied.
The importance of turbulent effects makes it natural to study their effects on physically important
quantities like shear viscosity. The corresponding calculation was made in [37, 38, 39] in a setting
generalizing the one used in the earlier studies of turbulent QED plasma [40, 41], in which turbulent
plasma is described as a system of hard thermal modes and the stochastic turbulent fields characterized
by some spatial and temporal correlation lengths. It was shown that plasma turbulence can serve as a
natural source of the above-mentioned anomalous smallness of viscosity of strongly interacting matter
created in high energy heavy ion collisions.
The physics of turbulence, both in liquids [42, 43, 44, 45, 46, 47] and plasma [48], is essentially that of
space-time structures that appear at the event-by-event level and, after averaging, give rise to Kolmogorov
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scaling of the structure functions. The event-by-event stochastic inhomogeneity of turbulent plasma can
therefore play an important role in forming its physical properties. In the present paper we discuss the
turbulent contributions to the most fundamental physical characteristics of plasma, the properties of its
collective modes, plasmons. For simplicity we shall restrict ourselves to considering an Abelian case;
the corresponding non-Abelian generalization will appear in a separate publication [49]. The effects
in question can broadly be described as nonlinear Landau damping [41]. One of the most interesting
effects we see is a nonlinear Landau instability for transverse plasmons at large turbulent fields, i.e. a
phenomenon equivalent to nonlinear Landau damping, but with an opposite sign of the corresponding
imaginary part of the response tensor. The origin of the phenomena considered in the paper is in the
stochastic inhomogeneity of the turbulent electromagnetic fields in QED plasma; in this respect they are
similar to the phenomenon of the stochastic transition radiation [50, 51, 52]. In particular, similarly to
the stochastic transition radiation, the turbulent contributions to plasmon properties discussed in this
paper vanish in the limit of vanishing correlation length of the stochastic turbulent fields.
2 Photons and dileptons from glasma
In this paragraph we shall present, following [12], the main results on photon and dilepton production
in glasma.
2.1 Thermalizing glasma: basic facts
Let us first discuss the kinetic framework for glasma evolution as developed in [11]. Evolution of
primordial non-Abelian matter produced in ultrarelativistic heavy ion collisions proceeds through several
stages. A natural separation of scales is provided by the saturation momentum Qsat. At earliest times
0 ≤ t ∼ 1/Qsat the system can be described in terms of coherent chromoelectric and chromomagnetic
flux tubes. The physics of this stage is that of gluons, so in terms of electromagnetic signals this stage
is of no special interest. The density of quarks becomes substantial at times closer to the thermalization
time ttherm, so in studying the nonequilibrium contributions to photon and dilepton production we shall
focus at the time interval 1/Qsat << t << ttherm.
Let us assume that the gluon momentum density can be written in the following form:
fg =
Λs
αsp
Fg(p/Λ), (2.1)
where the infrared and ultraviolet momentum cutoffs Λs and Λ are defined as follows. Initially, Λ(t0) =
Λs(t0) ∼ Qsat, whereas at thermalization time Λs(ttherm) ∼ αs Ti and Λ(ttherm) ∼ Ti. In estimating the
physical cross sections one can use the following simple parametrization of fg:
fg(Eg) = const., Eg < Λs
fg(Eg) = const.
Λs
Eg
, Λs < Eg < Λ
fg(Eg) = 0, Eg > Λ (2.2)
A key physical point of primary importance for the physics of the early stage of heavy ion collisions
is that the phase space for the gluons is initially over-occupied so that the number density of gluons ng
and their energy density g are related by
ng/
3/4
g ∼ 1/α1/4s , (2.3)
while for a thermally equilibrated Bose system it is necessary that this ratio should be less than a number
of the order 1. This fact is a basis for the hypothesis [11] that the ”extra” gluonic degrees of freedom are
hidden in the highly coherent color singlet and spin singlet configuration that can be (approximately)
described as a transient Bose condensate with a density
fcond = ncondδ
3(p) (2.4)
It is natural to think that the condensate is formed by gluons with masses of order of the natural infrared
cutoff of the problem, the Debye mass
M2Debye ∼ ΛΛs (2.5)
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One of the key features arising in many problems related to physical properties of primordial strongly
interacting matter in heavy ion collisions is the natural asymmetry between longitudinal and transverse
degrees of freedom which in the problem under consideration is parametrized by the fixed asymmetry
between the typical transverse and longitudinal pressures δ
PL = δ  (2.6)
where 0 ≤ δ ≤ 1/3, with δ = 0 and δ = 1/3 corresponding to the free-streaming (thus maximal
anisotropy between the longitudinal and transverse pressure) and the isotropic expansion, respectively.
The pressure anisotropy does of course reflect the difference of characteristic scales of transverse and
longitudinal momenta.
The time evolution of the scales Λs and Λ were found to be [11]
Λs ∼ Qs
(
t0
t
)(4+δ)/7
(2.7)
Λ ∼ Qs
(
t0
t
)(1+2δ)/7
(2.8)
which, in turn, leads to the following temporal evolution of the gluon density and Debye mass
Λ ∼ Qs
(
t0
t
)(1+2δ)/7
(2.9)
M2Debye ∼ Q2sat
(
t0
t
)(5+3δ)/7
(2.10)
and, finally, the thermalization time:
ttherm ∼ t0
(
1
αs
)7/(3−δ)
(2.11)
The description of the model is completed by introducing the quark distribution function
fq = Fq(p/Λ) (2.12)
and assuming the proportionality between the condensate density and that of gluons
ncond = κngluon (2.13)
where κ is a constant of order 1.
2.2 Electromagnetic Particle Production from the Glasma
Let us start with deriving a rate of photon production from glasma. The standard expression for the
fixed-box photon production rate from the Compton channel gq → γq reads:
E
dN
d4xd3p
∝ Fq(E/Λ) 1
E
∫ ∞
µ2
ds (s− µ2) σgq→γq(s)
∫ ∞
s/4E
dEgfg(Eg) [1− Fq(Eg/Λ)] , (2.14)
where the lower limit for integration over gluon energy Eg follows from kinematics, µ
2 is an infrared
cutoff needed to regularize the t(u) - channel singularity for diagrams with massless particle exchange
which in our case is the Debye mass µ2 = ΛΛs and σgq→γq(s) is the cross-section for gluon Compton
effect gq → γq.
In the high energy limit and for small quark densities Fq Eq. (2.14) simplifies to
E
dN
d4xd3p
∝ Fq(E/Λ)ΛsΛ
E
∫ ∞
1
dy ln y
∫ ∞
yΛsΛ
4E
dEgfg(Eg) (2.15)
Using the explicit parametrization of gluon density Eq. (2.2) it straightforward to obtain
E
dN
d4xd3p
∝ Fq(E/Λ)ΛΛsφ(E/Λ), (2.16)
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where φ(E/Λ) is some analytically calculable function. Let us thus assumethat the photon production
rate from glasma is given by
dN
d4xdyd2kT
=
α
pi
ΛsΛg(E/Λ) (2.17)
To obtain the overall rate, we need to integrate over longitudinal coordinates. We assume that the
early time expansion is purely longitudinal, and that in the integration the space-time rapidity is strongly
correlated with that of the momentum space-rapidity. We then have that
dN
d2rT dyd2kT
∼ α
∫
tdtΛsΛg(kT /Λ) (2.18)
Using the result of the previous section for the time dependence of the scales Λ and Λs, we have
tdt = κ′
dΛ
Λ
1
Q2sat
(
Qsat
Λ
)14/(1+2δ)
(2.19)
The constant κ′ is of order 1.
Doing the integration over Λ in Eqn.(2.18), we find that
dN
d2rT dyd2kT
∼ α
(
Qsat
kT
) 9−3δ
1+2δ
(2.20)
Now integrating over d2rT , and identifying the overlap cross section as proportional to the number
of participants, we finally obtain
dNγ
dyd2kT
= α R20 N
2/3
part
(
Qsat
kT
)η
(2.21)
where η = (9− 3δ)/(1 + 2δ). The factor of N2/3part arises because the number of participants in a collision
proportional to the nuclear volume R3 ∼ Npart and R0 is a constant with dimensions of a length. The
analytical results are compared to RHIC data in Fig. 1.
From Fig. 1 we see that our simple model provides a good description of the experimental data.
The analysis of dilepton production is more complicated because there are two sources of dileptons.
The first is due to annihilation of quarks in the Glasma. The expression for the static rate of production
of dilepton pairs with invariant mass M for massless quarks and leptons reads
dN l
+l−
d4xdM2
∼ M2σqqˆ→l+l−(M2)
∫ ∞
0
dEqFq(Eq/Λ)
∫ ∞
M2/4Eq
dEq¯Fq¯(Eq¯/Λ)
= M2σqqˆ→l+l−(M2) Λ2
∫ ∞
0
dyFq(y)
∫
M2/4Λ2y
dxFq(x) (2.22)
Taking into account that M2σqqˆ→l+l−(M2) ∼ const., we can already see the scaling behavior of the
static dilepton production rate (2.26), i.e.
dN l
+l−
d4xdM2
∼ Λ2 Φ(M/Λ) (2.23)
with Φ(M/Λ) ≡ ∫∞
0
dyFq(y)
∫
(M/Λ)2/4y
dxFq(x). To further explicitly demonstrate the scaling behavior
of the static dilepton production rate (2.26), let us consider two examples with explicit forms of quark
distribution function.
First let us consider a simple hard-cutoff quark distribution function Fq = θ(Λ−E). In this case we
can easily obtain
dN l
+l−
d4xdM2
∼ Λ2
[
1− (M/Λ)
2
4
+
(M/Λ)2
4
ln
(M/Λ)2
4
]
(2.24)
Second let us consider an exponential quark distribution function Fq = exp(−E/Λ). In this case we
get the following result
dN l
+l−
d4xdM2
∼ Λ2
√
M2
Λ2
K1
(
M
Λ
)
= MΛK1
(
M
Λ
)
≡ Λ2
[
M
Λ
K1
(
M
Λ
)]
(2.25)
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Figure 1: Comparison between the PHENIX photon data and the present model for three centrality bins
[12].
where K1
(
M
Λ
)
is a Bessel function. This leads to the simple conjecture for the dilepton rate due to
the annihilation mechanism
dNDY
d4xdM2
= α2Λ2g′(M/Λ) (2.26)
which, in the direct analogy with the above-described calculation for photons, leads to
dNDY
dydM2
∼ α2R′20 N2/3part
(
Qsat
M
)η
(2.27)
with η = 4(3− δ)/(1 + 2δ).
The second possible source of dileptons is the annihilation of gluons into a quark loop from which the
quarks then subsequently decay into a virtual photon and eventually the dilepton: see the illustration
in the Fig.2. Such a virtual process is naively suppressed by factors of αs. Here however, the gluons
arise from a highly coherent condensate, and the corresponding factors of αs are compensated by inverse
factors 1/αs from the coherence of the condensate. In other words, the usual power counting for diagrams
in terms of αs has to be changed when the coherent condensate with high occupation is present.
Here we estimate the rate for the three-gluon decay of the condensate into a dilepton. On dimensional
grounds, we expect that
dNC→DY
d4xdydM2
= α2
(αsngluon)
3
M7Debye
, g′′(M/MDebye) (2.28)
where we have assumed that the condensate density is of the order of the gluon number density as in
Eq.(??)and that the typical scale for the energy of gluons in the condensate is of order the Debye mass.
Integration over time leads to
dNC→DY
dydM2
∼ α2R′20 N2/3part
(
Qsat
M
)η′
(2.29)
where
η′perturbative =
9(3− δ)
5 + 3δ
(2.30)
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Figure 2: Three gluons from the condensate annihilate into a virtual quark loop, that subsequently
decays into a virtual photon and then into a dilepton.
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Figure 3: (Color online) The comparison between the PHENIX dilepton data and the model [12].
The analytical results are compared to RHIC data in Fig. 3.
From Fig. 3 we see that our simple model provides a good description of the experimental data.
3 Turbulent plasma
In this section we consider the key physical characteristics of turbulent ultrarelativistic plasma, its
polarization properties in the Abelian [56] and non-Abelian [57] cases as well as its anomalous viscosity
[37, 38, 39] and jet quenching [55].
3.1 Turbulent polarization: QED plasma
Let us first consider polarization properties of the turbulent ultrarelativistic QED plasma [56]. A
weakly turbulent plasma is described as perturbation of an equilibrated system of (quasi-)particles by
weak turbulent fields FTµν . In the collisionless Vlasov approximation we employ , the plasma properties
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are defined by the following system of equations (FRµν is a regular non-turbulent field):
pµ
[
∂µ − eq
(
FRµν + F
T
µν
) ∂
∂pν
]
f(p, x, q) = 0
∂µ
(
FRµν + F
T
µν
)
= jν(x) = e
∑
q,s
∫
dp pν q f(p, x, q). (3.1)
The stochastic ensemble of turbulent fields is assumed to be Gaussian and characterized by the following
correlators:
〈FTµν〉 = 0, 〈FTµν(x)FTµ
′ν′(y)〉 = Kµνµ′.ν′(x, y) (3.2)
Following [?] we use the following parametrization of Kµνµ
′ν′(x, y) :
Kµνµ
′ν′(x) = Kµνµ
′ν′
0 exp
[
− t
2
2τ2
− r
2
2a2
]
(3.3)
By definition, turbulent polarization is defined as a response to a regular perturbation that depends
on turbulent fields. In the linear response approximation it is fully described by the polarization ten-
sor Πµν(k) which can be computed by taking a variational derivative of the averaged induced current
〈jµ(k |FR, FT )〉FT over the regular gauge potential ARν :
Πµν(k) =
δ〈jµ(k|FR, FT )〉FT
δARν
(3.4)
〈jµ(k |FR, FT )〉FT = e
∑
q,s
∫
dPpνq〈δf(p, k, q|FR, FT )〉FT (3.5)
To organize the calculation in the efficient way it is useful to rewrite (3.1) as follows:
f = feq +GpµFµν∂
µ
p f , G ≡
eq
ı((pk) + ı)
, (3.6)
where feq is a distribution function characterizing the original non-turbulent plasma and introduce the
following systematic expansion in the turbulent and regular fields:
δf =
∑
m=0
∑
n=0
ρmτnδfmn, F
µν =
∑
m=0
∑
n=0
ρmτnFµνmn, (3.7)
where powers of ρ count those of FR and powers of τ count those of FT . Turbulent polarization is
described by contributions of the first order in the regular and the second in the turbulent fields. The
lowest nontrivial contribution to the induced current (3.5) is thus given by δf12:
δf ' δfHTL + 〈δf12〉I + 〈δf12〉II
where
δfHTL = GpµF
µν
10 ∂µ,pf
eq
〈δf12〉I = Gpµ〈Fµν01 ∂ν,pGpµ′Fµ
′ν′
10 ∂ν′,pGpρF
ρσ
01 〉∂σ,pf eq
〈δf12〉II = Gpµ〈Fµν01 ∂ν,pGpµ′Fµ
′ν′
01 ∂ν′,pGpρF
ρσ
10 〉∂σ,pf eq
Generically one has the following decomposition of the polarization tensor:
Πij(ω,k ; l) =
(
δij − kikj
k2
)
ΠT (ω, |k| ; l) + kikj
k2
ΠL(ω, |k| ; l) (3.8)
where l ≡ √2(τa)/√τ2 + a2. Its components can be rewritten as sums of theh leading Hard Thermal
Loops (HTL) contributions and the gradient expansion in the scale of turbulent fluctuations l:
ΠL(T )(ω,k ; l) = Π
HTL
L(T ) (ω,k) + Π
turb
L(T )(ω,k| l) (3.9)
Π turbL(T )(ω, |k| ; l) =
∞∑
n=1
(|k| l)n
k2
[
φ
(n)
L(T )(x)〈E2turb〉+ χ (n)L(T )(x)〈B2turb〉
]
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where x = ω/ |k| and the HTL contributions to the polarization tensor read
ΠHTLL (ω, |k|) = −m2Dx2
[
1− x
2
L(x)
]
,
ΠHTLT (ω, |k|) = m2D
x2
2
[
1 +
1
2x
(1− x2) L(x)
]
L(x) ≡ ln
∣∣∣∣1 + x1− x
∣∣∣∣− ıpiθ(1− x); m2D = e2T 2/3. (3.10)
The computation of turbulent polarization was carried out to second order in the gradient expansion
[57]. To the leading order in the gradient expansion one gets
φ
(1)
I T (x) =
ıe4
6pi
√
pi
2x
[
4 + 10x2 − 6x4
3(1− x2) + x(1− x
2) L(x)
]
(3.11)
φ
(1)
I L (x) = −
ıe4
6pi
√
pi
8x3
3(1− x2)2 (3.12)
and
χ
(1)
I T (x) =
ıe4
6pi
√
pi
4x
[−2 + 6x2
3(1− x2) + x L(x)
]
(3.13)
χ
(1)
I L (x) = −
ıe4
6pi
√
pi
8x3
3(1− x2)2 . (3.14)
Let us first discuss the turbulent contributions to the imaginary part of the polarization tensor [57].
These can be summarized as follows. The sign of the imaginary part of the turbulent contribution to the
polarization operator in the timelike domain x > 1 is negative and corresponds to turbulent damping
of timelike collective excitations. This refers to both transverse and longitudinal modes. As the HTL
contribution in this domain is absent, this turbulent damping is a universal phenomenon present for all
ω, k such that ω > k and all values of the parameters involved (l, 〈B2〉, 〈E2〉). The turbulent damping
leads to an attenuation of the propagation of collective excitations at some characteristic distance. The
situation in the spacelike domain x < 1 is more diverse. In contrast with the timelike domain the gradient
expansion for the imaginary part of the polarization tensor starts from the negative HTL contribution
corresponding to Landau damping. The imaginary parts of turbulent contributions to the longitudinal
polarization tensor are negative and are thus amplifying the Landau damping. The most interesting
contributions come from the turbulent contributions to the transverse polarization tensor. The electric
contribution Im[φ
(1)
T (x)] in the spacelike domain is positive at all x while the magnetic contribution
Im[χ
(1)
T (x)] is negative for x < x
∗ ≈ 0.43 and positive for x > x∗. This means that the turbulent plasma
becomes unstable for sufficiently strong turbulent fields.
It is also of interest to analyze the effects of turbulence on the properties of collective excitations
of QED plasma, the plasmons [57]. The plasmons are characterized by dispersion relations ωT(L)(|k|)
that are read from the solutions of dispersion equation for the corresponding components of dielectric
permittivity, which are just a real part of zeroes of inverse transverse and longitudinal wave propagators:
Re
[
k2
(
1− ΠL(k
0, |k|)
ω2
)∣∣∣∣
k0=ωL(|k|)
]
= 0
Re
[
k2 − (k0)2 + ΠT((k0, |k|) |k0=ωT(|k|)
]
= 0
(3.15)
Thus, real part of polarization tensor corresponds to propagation of plasmons in a medium, while it’s
imaginary part defies plasmon smearing.
Let us focus first on a shift of plasmons dispersion relations in turbulent medium. In general dispersion
equations can be solved only numerically. Analytical expressions can be obtained in certain limits. Let
us focus on the deeply timelike regime of x  1. In non-turbulent HTL Vlasov plasma the time-like
plasmon modes do not decay, since imaginary part of polarization tensor in that limit is zero. For
frequencies kωpl << 1 the corresponding solutions of dispersion equations may be expanded as powers of
9
|k|
ωpl
:
ω2L(|k|)HTL = ω2pl
(
1 +
3
5
( |k|
ωpl
)2
+O
(( |k|
ωpl
)4))
ω2T(|k|)HTL = ω2pl
(
1 +
6
5
( |k|
ωpl
)2
+O
(( |k|
ωpl
)4)) (3.16)
where we have used a standard definition for the plasma frequency ω2pl = m
2
D/3.
In a turbulent plasma plasmons decay even in a Vlasov limit since polarization tensor has imaginary
part. As to the turbulent modifications of the HTL dispersion relation (3.16), it can be conveniently
written as
ω2L(|k|)turb = (ωturbpl L )2
(
1 +
3
5
y2L
)
− e
4l2
6pi2
(
24
5
〈E2〉+ 64
15
〈B2〉
)
y2L +O
(
y4L
)
ω2T(|k|)turb = (ωturbpl T )2
(
1 +
3
5
y2T
)
− e
4l2
6pi2
(
24
7
〈E2〉+ 32
15
〈B2〉
)
y2T +O
(
y4T
)
,
(3.17)
where
yL =
|k|
ωturbpl L
; yT =
|k|
ωturbpl T
, (3.18)
and
(ωturbpl L )
2 = ω2pl L −
e4l2
6pi2
(
16
3
〈E2〉+ 8
3
〈B2〉
)
(ωturbpl T )
2 = ω2pl T −
e4l2
6pi2
(
128
15
〈E2〉+ 8
3
〈B2〉
)
.
(3.19)
Now let us consider plasmons smearing. As it can be easily seen that a rate of decay for plasmons is
connected to an imaginary part of polarization tensor by a formula:
ΓT (L) =
√
−Im(ΠT (L)) (3.20)
In a timeline region considered above imaginary part of both transverse and longitudinal components
of polarization tensor are lesser than zero: there i no instability for timeline modes. Also it should be
noted that turbulent smearing is a leading order effect on (kl) compared with a turbulent modification
plasmon dispersion relations.
3.2 Turbulent polarization: QCD plasma
Let us now discuss a generalization of the results of [56, 57] on the polarization properties on the
non-Abelian QCD plasma.
The generalization of Eq. (3.1) to the non-Abelian case reads
pµ
[
∂µ − gfabcAbµQc
∂
∂Qa
− gQaF aµν
∂
∂pν
]
= 0, (3.21)
where the fields Fµν satisfy the Yangh-Mills equations
DµF aµν = j
a
ν (3.22)
The main distinction from the Abelian case is the dependence of the distribution function on the color
spin Q, where for SU(3) Q = (Q1, Q2, ..., Q8), so that f(x, p,Q). The components of color spin Q =
(Q1, Q2, ..., Q8) are dynamic variables satisfying the Wong equation
dQa
dτ
= −gfabcpµAbµQc (3.23)
which, with Eqs. (3.21,3.22), completes the dynamical description of QCD plasma.
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The description of the properties of turbulent QCD plasma is based on separating the regular and
turbulent contributions ot the distribution functions and gauge potentials Aµa :
f = fR + fT , Aaµ = A
Ra
µ +A
Ta
µ , (3.24)
where we assume that
〈
Aaµ
〉
= ARaµ and
〈
ATaµ
〉
= 0
It is possible to define gauge transformations of regular and turbulent gauge potentials in such a way
that
δARaµ = ∂µα
a + gfabcARbµ α
c
δATbµ = gf
abcATbµ α
c
(3.25)
which is technically equivalent to choosing the background field gauge. A very useful property following
from this choice is that the basic property of turbulent fields
〈
ATaµ
〉
= 0 is gauge invariant. The
corresponding decomposition of gauge field strength reads
F aµν = F
Ra
µν + F
Ta
µν + F
Ta
µν (3.26)
where:
FRaµν = ∂µA
Ra
ν − ∂νARaµ + gfabcARbµ ARcν
FTaµν = ∂µA
Ta
ν − ∂νATaµ + gfabcATbµ ATcν
FTaµν = gf
abc
(
AµTbA
Rc
ν +AµRbA
Tc
ν
) (3.27)
The computation of polarization properties proceeds through expanding fR, fT in a series in the
regular potential (f (0) ∼ (AR)0, f (1) ∼ (AR)1, ...). Assuming fR(0)(x, p,Q) = feq(p) we have
(pµ∂µ)f
T (0) = gpµQaF
Ta
µν
∂
∂pν
fR(0) (3.28)
The corresponding equations for the first order turbulent contributions to the distribution function read
(pµ∂µ)f
T (1) = gpµfabcATbµ Q
c ∂
∂Qa
fR(1) + g2pµfabcARbµ Q
c 1
(p∂)
pµ
′
FTaµ′ν
∂
∂pν
fR(0)+
gpµQaF
Ta
µν
∂
∂ν
fR(0) + gpµQaF
Ta
µν
∂
∂pν
fR(1) + g2pµpµp′QaFRaµν
∂
∂pν
1
(pµ∂µ)
QcF
Tc
µ′ν′
∂
∂pν′
fR(0)+
g2pµfabcARbµ Q
c ∂
∂Qa
1
(pµ∂µ)
pµ
′
d F
Td
µ′ν
∂
∂pnu
fR(0)
(3.29)
and
(pµ∂µ)f
R(1) = gpµfabc
〈
ATbµ Q
c ∂
Qa
fT (1)
〉
+ gpµQa
〈
FTaµν
∂
∂pν
fT (1)
〉
+ gpµQa
〈
FRµν
∂
∂pν
fT (0)
〉
+ gpµQaF
Ra
µν
∂
∂pν
fR(0)
(3.30)
Substituting (3.28) and (3.29) to (3.30) one arrives at the final expression for the first order regular
correction to the distribution function. A detailed analysis shows that in the relevant long wavelength
limit we are left with only two contributions:
fR(1) = HTL+ I1 + I2 (3.31)
where
I1 = g
3pµfabc
〈
ATbµ Q
c ∂
∂Qa
pµ
′ 1
pµ∂µ
fdefAReµ′ Q
f ∂
∂Qd
1
pµ∂µ
pµ
′
QgFµ′′ν
〉
∂
∂pν
fR(0)
I2 = g
2pµfabc
〈
ATbµ Q
c ∂
∂Qa
1
(pµ∂µ)
pµ
′
QdF
Td
µ′ν
〉
∂
∂pν
fR(0)
(3.32)
Averaging over the stochastic color fields involves two two-point correlators〈
ATaµ (x)A
Tb
ν (y)
〉
= Gabµν(x, y) (3.33)
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and 〈
FTaµν (x)U
ab(x, y)FTbµ′ν′(y)
〉
= Kabµνµ′ν′(x, y) (3.34)
We shall restrict our consideration to the plasma which is on average homogeneous, KTaµνµ′ν′(x, y) =
KTaµνµ′ν′(x− y) (same for Gabµν), and assume that the stichastic correlators are symmetric under permu-
tations of both color and Lorentz indices.
Let us chose following explicit parametrization for the non-Abelian correlation function Gabµν :
Gabµν = δab
[
gµνgν0
〈
A20
〉
+
1
3
δˆµν
〈
A2
〉]
exp
[
− r
2
2a2
− t
2
2τ2
]
(3.35)
Defining fRa(1)(x, p) =
∫
Qa dQ fR(1)(x, p,Q) we get
[(pµ∂µ) + pγ]f
Rl(1) =
∫
Ql dQ (HTL+ I1 + I2) , (3.36)
where
γ = g2
N2 − 1
4N
√
pil
[〈
A20
〉
+
〈
1
3
A2
〉]
(3.37)
and l = 1√
1
2a2
+ 1
2τ2
. Let us stress that only the sum of contributions from HTL, I1 and I2 is gauge
invariant.
Detailed calculations show that to the leading order there is no contribution from the non-Abelian
correlator Gabµν , so that the only modification distinguishing QCD plasma from the QED one is an overall
normalization so that
φT,L(x) → Cq(g)φT,L(x)
χT,L(x) → Cq(g)χT,L(x), (3.38)
where for quarks
Cq = g
4Nq
N2 − 1
4N
(3.39)
and for gluons
Cg =
2g3N2
N +
Nq
2
(3.40)
where we have taken into account a necessity of introducing an infrared cutoff at mD when computing
the integral
∫
dp
df
dp
for massless bosons.
3.3 Turbulent anomalous viscosity
One of the most important requirements for any scenario describing the relevant physics of the
early stage of nuclear collisions is its ability of explaining an (effectively) small viscosity characterizing
collective expansion of dense matter created in these collisions. Let us recall the standard kinetic theory
expression for shear viscosity
η =
1
3
n 〈p〉T λf , (3.41)
where n is the density of the medium, 〈p〉T is the thermal momentum of particles and λf is the mean free
path. In the standard perturbative case the source of λf is perturbative scattering which is parametrically
weak and, therefore, leads to very large values of λf and, consequently, shear viscosity η. The situation
is dramatically different in turbulent plasmas [37, 38, 39], where particle scatters on strong turbulent
fields. The physical picture is here that of plasma particles scattering on domains of coherent turbulent
fields, the size of the domains being controlled by the corresponding correlation length l, so that
λf =
〈p〉2T
g2Q2〈B2〉 l . (3.42)
leading to the anomalously small turbulent shear viscosity [37, 38, 39]
ηA ≈
9
4s T
3
g2Q2〈B2〉 l (3.43)
valid for the nearly equilibrated plasma.
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3.4 Turbulent jet quenching
Another very attractive feature of the turbulent plasma scenario is its natural ability to describe the
observed strong jet quenching, i.e. large energy loss experienced by fast particles propagating through
early QCD matter [55]. Indeed, it is easy to calculate transverse broadening 〈(∆p⊥)2〉 induced by the
same process of particle scattering on turbulent field domains and the corresponding (anomalous) jet
quenching parameter qˆA:
qˆA = g
2Q2〈B2〉 l. (3.44)
leading, in particular, to an interesting relation between the two above-discussed anomalous quantities
[55]:
ηA
s
∝ T
3
qˆA
, (3.45)
i.e. the smaller is the anomalous turbulent viscosity, the large is the anomalous turbulent jet quenching.
4 Conclusions
With a wealth of new experimental data and theoretical ideas the physics of high energy heavy ion
collisions remains a truly exciting domain of research. We are sure that in the near future we shall see
rapid progress both in the quality of expreimental data and that od theoretical resuarch.
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